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Increasing environmental pollution in urban areas has been endangering the survival of carbonate stones in
monuments and statuary for many decades. Numerous conservation treatments have been applied for the
protection and consolidation of these works of art. Most of them, however, either release dangerous gases
during curing or show very little efficacy. Bacterially induced carbonate mineralization has been proposed as
a novel and environmentally friendly strategy for the conservation of deteriorated ornamental stone. However,
the method appeared to display insufficient consolidation and plugging of pores. Here we report that Myxo-
coccus xanthus-induced calcium carbonate precipitation efficiently protects and consolidates porous ornamen-
tal limestone. The newly formed carbonate cements calcite grains by depositing on the walls of the pores
without plugging them. Sonication tests demonstrate that these new carbonate crystals are strongly attached
to the substratum, mostly due to epitaxial growth on preexisting calcite grains. The new crystals are more
stress resistant than the calcite grains of the original stone because they are organic-inorganic composites.
Variations in the phosphate concentrations of the culture medium lead to changes in local pH and bacterial
productivity. These affect the structure of the new cement and the type of precipitated CaCO; polymorph
(vaterite or calcite). The manipulation of culture medium composition creates new ways of controlling bacterial

biomineralization that in the future could be applied to the conservation of ornamental stone.

The study of bacterially induced and mediated mineraliza-
tion is an emerging interdisciplinary research area (see refer-
ences 6, 28, and 32 for recent reviews on the topic). Bacterially
induced precipitation of calcium carbonate, the so-called “car-
bonatogenesis” (21, 51), has drawn much attention in recent
decades because of its numerous implications. These include
(i) atmospheric CO, fixation through carbonate sediment for-
mation and lithification (22, 29, 36, 48, 49, 59, 65) and dolomite
precipitation (76, 93), (ii) solid-phase capture of inorganic
contaminants (95), (iii) the production of pathological concre-
tions such as gallstones and kidney stones in humans (41, 44,
46), and (iv) understanding possible extraterrestrial biological
processes like those of Martian carbonate-producing bacteria
(58, 88). There is extensive literature on bacterial involvement
in carbonate precipitation both in nature and in the laboratory
(2, 14, 16, 19, 20, 21, 36, 40, 49, 57, 72). Recent research on
bacterially induced carbonate precipitation has focused on a
wide range of topics with important scientific and technological
implications (7, 8, 38). One of them is the possible applications
of this bacterial process to the conservation of stone artworks
(63).

Architectural and sculptural stone undergoes deterioration
due to physical, chemical, and/or biological weathering (69, 75,
77, 94, 97). The composition and textural characteristics of
carbonate stones (limestones, dolostones, and marbles) make
them particularly susceptible to weathering. Increasing atmo-
spheric pollution has accelerated deterioration of carbonate
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stones in recent decades. Fossil fuel combustion resulting in
acid rain-mediated mineral dissolution and sulfate crust devel-
opment (69, 75, 97) is now jeopardizing the survival of monu-
ments and statuary around the world (78). Many conservation
treatments have been applied to the protection and consolida-
tion of stone before extensive granular disintegration causes
loss of surface material and therefore irreversible damage (4).
Protection refers to treatments that waterproof and/or
strengthen stone surfaces in order to keep water or other
weathering agents from entering the core of the stone. Con-
solidation is the impregnation and thus strengthening of a
friable decayed porous stone with a cementing and/or harden-
ing product. Both treatments have been performed in the past
using organic and inorganic materials (50), such as acrylic or
epoxy resins (42) and Ba(OH), solutions (53). However, none
of the treatments available to date have proven to be satisfac-
tory. Organic treatments commonly result in the formation of
incompatible, often harmful surface films. In addition, they
generally release noxious solvents. Inorganic consolidation
may be preferable since stone minerals and protective or con-
solidating materials share some physical-chemical affinity. For
instance, the so-called limewater treatment (68) composed of
Ca(OH), solutions, has been used to consolidate carbonate
stones because calcium hydroxide easily carbonates in the pres-
ence of atmospheric CO,, resulting in calcite (CaCOj;) forma-
tion. However, the limewater technique often leads to the
formation of a superficial, micrometer-thick, friable aggregate
of submicron-size calcite crystals and has an insufficient pro-
tection and/or consolidation effect (67).

Recently, bacterially induced carbonate mineralization has
been proposed as an environmentally friendly method to pro-
tect decayed ornamental carbonate stone (3, 21, 63, 90). This
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new conservation method mimics what nature has been doing
for eons, since many carbonate rocks have been cemented by
microbe-induced calcium carbonate precipitation (16, 36). It
has been known since Boquet et al. (14) that most heterotro-
phic soil bacteria induce calcium carbonate precipitation. A
carbonate-producing soil bacterium (Bacillus cereus) was later
applied as a conservation treatment for ornamental stone (21,
63). The method relies on the bacterially induced formation of
a compatible carbonate precipitate on limestone, and unlike
the limewater treatment, the carbonate cement is highly co-
herent (51). On the other hand, two important limitations of
the initial, so-called CALCITE method (51) were its ineffec-
tiveness for in-depth consolidation (apparently only a few mi-
crons) and the formation of a superficial film consisting of a
mixture of biological remains. The latter plugged stone pores
and provided no consolidation (90). It has been demonstrated
that plugging accelerates decay (50). It is therefore recom-
mended that stone treatments should leave the stone surface
free to “breathe,” i.e., to allow vapor transfer. This has pre-
vented the use of the bacteriogenic mineral plugging (using
Bacillus pasteurii) technique proposed by Ferris and Stehmeier
(35) for ornamental stone conservation, although variations of
this technique have been used for sand bed consolidation (38,
85) and crack remediation in concrete (8, 70). Another poten-
tial drawback of the use of Bacillus in stone conservation is that
these bacteria may form endospores which under appropriate
conditions (i.e., temperature, humidity, and nutrient availabil-
ity) may eventually lead to germination and uncontrolled bac-
teria growth and biofilm formation. The complexity and the
large number of variables at work in bacterially induced car-
bonate precipitation (e.g., bacteria type, culture media, stone
support, and application conditions) suggest that no general
claim regarding the success or failure of the method can be
made until further research has elucidated its potential and
limits. It is therefore necessary to develop methods that will
help to create a coherent carbonate cement in the porous
system of the treated stone without at the same time blocking
or plugging the pores. The method should also allow the bio-
mineralization process to be stopped at will in order to avoid
undesired side effects. This will lead to appropriate, controlled,
and long-lasting protection and consolidation of decayed po-
rous carbonate stones.

Here we report the development of a bacterially mediated
carbonate precipitation method that can protect and consoli-
date porous carbonate stone. The selected microorganism,
Myxococcus xanthus, is an abundant gram-negative, nonpatho-
genic aerobic soil bacterium. It belongs to a peculiar microbial
group whose complex life cycle involves a remarkable process
of morphogenesis and differentiation (30). Our research group
demonstrated that M. xanthus induces the precipitation of car-
bonates, phosphates and sulfates (e.g., calcite, magnesium cal-
cite, struvite, newberyite, schertelyte, and taylorite) in a wide
range of solid and liquid media (9, 39, 40). It was however
unknown whether the bacterium would be able to induce car-
bonate precipitation in a porous stone. Our aim in this paper
is to determine the ability of M. xanthus to create a coherent
protective and consolidating carbonate matrix in the porous
system of limestone. Ultimately, we attempt to better under-
stand bacterially induced carbonate precipitation on solid sub-
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strates in order to optimize and implement this biomineraliza-
tion strategy as an effective conservation treatment.

MATERIALS AND METHODS

Carbonate stone. The support material was a porous limestone used exten-
sively as a sculptural and architectural stone in Spanish historical buildings. A
calcarenite composed of a mixture of benthic foraminifera, red algae, and frag-
ments of bivalves and echinoderms (73), it is highly porous (24 up to 32%) and
easily decays in urban environments. It develops gypsum crusts and granular
disintegration due to the dissolution of sparry calcite cement and the crystalli-
zation of soluble salts (73, 75). Homogeneous stone blocks were selected and cut
into two sizes: (i) 0.5 by 1 by 1 cm and (ii) 2.5 by 4.5 by 0.5 cm. The smallest
samples were selected to represent optimal conditions (surface/volume ratio) for
bacterially induced carbonate biomineralization. Furthermore, they were culti-
vated under shaking conditions to enhance bacterial growth (see below). Larger
pieces were used to simulate a scenario closer to reality (in situ application),
where a lower surface/volume ratio is expected (cultivated under stationary
conditions; see below). Pieces were sterilized by flowing steam (tyndallization)
for 1 h at 100°C. This process was performed four times in succession at 24-h
intervals. Biomineralization tests were conducted in liquid media under constant
shaking and stationary conditions. One small stone slab per test tube was used in
experiments with shaking, whereas one large calcarenite slab per Erlenmeyer
flask was used in stationary experiments (Fig. 1).

Bacterial strain and culture media. The microorganism used was M. xanthus
(strain number 422 provided by the Spanish Type Culture Collection, Burjasot,
Valencia, Spain). For inoculum preparation, M. xanthus was precultured in liquid
medium CT (1% [wt/vol] Bacto Casitone and 0.1% [wt/vol] MgSO, + 7TH,O in a
10 mM phosphate buffer, pH 6.5). The culture was incubated on a shaker for 48 h
at 28°C, which is the optimal duration for M. xanthus to reach a density of ~2 X
10° cells/ml during the exponential growth (40). Tubes and Erlenmeyer flasks
were sealed with Parafilm-covered cotton plugs after 1 week of incubation
time in order to avoid excessive water evaporation during extended incuba-
tion periods. Oxygen availability was ensured by the large air reservoir in both
the tubes and Erlenmeyer flasks. Liquid media M-3 [1% Bacto Casitone, 1%
Ca(CH;CO0), - 4H,0, 0.2% K,COs - 1/2H,0, in distilled water, pH 8] and
M-3P [1% Bacto Casitone, 1% Ca(CH;COO), - 4H,0, 0.2% K,CO; - 1/2H,0
in a 10 mM phosphate buffer, pH 8] were used for biomineralization tests (Fig.
1). A pancreatic digest of casein (Bacto Casitone; Difco) was the nitrogen source
in all media. Liquid media were sterilized by autoclaving for 20 min at 120°C.

Biomineralization experiments. The set up for these experiments is shown in
Fig. 1. Calcarenite slabs were placed in both M-3 and M-3P culture media (5 ml
of culture medium in each test tube; 100 ml of culture medium in each Erlen-
meyer flask) and inoculated with 0.1 ml (test tubes) and 2 ml (Erlenmeyer flasks)
of M. xanthus inoculum culture. A minimum of three samples were run in each
experiment. Test tubes were incubated at 28°C with constant shaking (160 rpm)
using a rotary Certomat R shaker (Braun). Erlenmeyer flasks were incubated at
28°C without shaking. Control experiments identical to those indicated above
were carried out without bacterial inoculation. Sterility tests of controls were
performed by culturing 20-pl aliquots of culture media (collected following stone
slab recovery) in CT solid medium (CT plus 1.8% purified agar-agar). The same
procedure was used to check contamination of inoculated samples.

Weight increase through biomineralization. Slabs subjected to bacterially in-
duced mineralization were recovered at different times. pH was measured both
at the start of the experiment and when recovering the slabs (with a Crison Micro
pH 2001 device). Samples were rinsed three times with distilled water before
drying at 37°C in a dark and dust-protected environment. Weight gain (average
value of three samples) was calculated in terms of differences in weight between
fresh and biomineralized calcarenite slabs at the end of incubation.

XRD analysis. X-ray diffraction (XRD) was used to determine the mineralogy
of the stone and newly formed carbonates. The diffractometer used was a Philips
model PW-1710 with automatic slit, Cu Ka radiation (\ = 1.5405 A), 3 to 60 °26
explored area, and 0.05 °26 s~! goniometer speed. XRD goniometer calibration
was performed using a silicon standard. Slab samples were placed in the XRD
sample holder without any prior grinding or preparation. The limited solid
residua which formed on the calcarenite blocks in the uninoculated media (con-
trol samples) were also analyzed.

SEM analysis. Texture and penetration depth of the bacterially induced car-
bonates formed on the porous substratum were observed using scanning electron
microscopy (SEM) (Zeiss DMS 950 electron microscope). Samples were gold
coated prior to observation. Both stone surfaces in contact with the bacterial
medium and sections perpendicular to the exposed surface were analyzed.
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FIG. 1. Schematic representation of the biomineralization experiments using M. xanthus: (a) Transmission electron photomicrographs of the
bacterium. (b) Inoculum culture was incubated for 48 h at 28°C (shaking conditions). Incubation of the bacterial culture was carried out in test
tubes (c) and Erlenmeyer flasks (d) containing calcarenite slabs immersed in M-3 or M-3P liquid media and incubated under shaking and stationary

conditions, respectively.

Porosimetry analysis. Changes in stone porosity and pore size distribution
following biomineralization were studied using mercury intrusion porosimetry
(MIP) (with a Micromeritics Autopore 5510 device). Samples were dried over-
night in a oven at 80°C prior to MIP analysis (for details, see reference 74).

Ultrasonic treatment. Sonication is an effective means of cleaning or disrupt-
ing materials adhered to a surface (23, 56). Its effectiveness, measured as the
amount of material removed from a surface, may give an indirect estimate of
surface material-substratum adhesion force. In the case of carbonates precipi-
tated on the calcarenite stones, sonication gives an estimate of both the newly
formed carbonate adhesion force and the consolidation and/or protection effi-
cacy of the newly formed carbonates. Large calcarenite slabs were collected
following 30 days of incubation in the Erlenmeyer flasks. It was assumed that
maximum carbonate precipitation was reached at this time. The samples were
sonicated in deionized water for a duration of 5 min, five times in succession,
using a 50-kHz ultrasonic bath (Ultrasons model, 200 W; J. P. Selecta). Samples
were collected, dried for 24 h in an 80°C oven, and weighed after each 5-min
sonication cycle. SEM was used to study the final appearance of the stone
surfaces. Calcarenite samples of the same size that were not subjected to bi-
omineralization were used as controls. One set of control samples was subjected
to sonication, while another set was not sonicated. The latter samples were
immersed in distilled water to estimate weight loss not due to sonication (i.e.,
calcite dissolution). A set of biomineralized samples was used to estimate weight
loss due to dissolution (i.e., samples immersed in water but not sonicated). To
minimize weight loss errors, only large samples were sonicated (i.e., because they
have the smaller surface/volume ratio).

RESULTS

Weight changes. Increases of up to a few percent were ob-
served in samples cultured under both shaking and stationary
conditions (Fig. 2). Shaking enhanced weight gain due to fa-
vored bacterial growth and carbonate production (i.e., shaking
ensured nutrient and metabolite exchange and facilitated aer-
ation). The most significant increases were observed with sam-
ples cultured in M-3P medium, regardless of sample shape and
experimental conditions. Maximum increases were found with
the smaller samples (Fig. 2a), since their surface to volume
ratio is greater. Larger samples displayed smaller weight in-
creases, but weight gain trends in M-3 and M-3P media did not
change significantly (Fig. 2b). These increases suggest that
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FIG. 2. Weight increase (AWt) versus time of small (a) and large
(b) calcarenite slabs following bacterially induced carbonate mineral-
ization. Error bars, standard deviations.
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FIG. 3. pH variations versus time for M-3 and M-3P liquid culture
media (controls refer to uninoculated media with calcarenite slabs).
Error bars, standard deviations.

there is a significant amount of bacterially induced mineral
precipitation. Figure 2 shows that this process was fastest over
the first 5 to 10 days. Weight increases in controls were mini-
mal and became insignificant with the smaller samples as of the
third day.

pH variations. Fig. 3 shows pH values of culture media
following collection of the large calcarenite slabs at different
time intervals. Both inoculated M-3 and M-3P media under-
went an increase in pH from 8 up to 8.5 to 8.7 over the 30-day
span of the experiment. pH rapidly increased in the first 5 days,
undergoing a significant reduction at the 10th day (when
weight gain rates start to decrease; see Fig. 2). The pH drop is
associated with the maximum rate of carbonate precipitation
(see Discussion). pH fluctuations were more significant in M-3
than in M-3P media. This is consistent with the presence of a
phosphate buffer in the latter. Controls underwent no signifi-
cant pH variations.

XRD analysis. Small quantities of vaterite were detected.
Vaterite formed in M-3-cultured samples and, in smaller quan-
tities, in the large samples cultured in M-3P medium under
stationary conditions (Fig. 4a). Vaterite is a rare metastable
calcium carbonate polymorph (54) and in our experiments was
clearly a bacterially induced newly formed phase since no va-
terite was detected in either the raw calcarenite or controls.
Calcite was the main phase in both controls and samples cul-
tured in M-3 and M-3P media (Fig. 4a). This is consistent with
the composition of the stone, which is a pure limestone. Any
calcite produced by bacterial activity was masked by the calcite
that already existed in the calcarenite. Precipitates on the walls
of the vessels that contained uninoculated control samples
displayed minimal quantities of poorly crystalline hydroxylapa-
tite [Cas(PO,);(OH)] as well as an undetermined amorphous
phase (Fig. 4b). The latter phase is evidenced by a broad XRD
reflection with high background noise.

SEM analysis. (i) Small samples cultured under conditions
of constant shaking. In small samples cultured under condi-
tions of constant shaking, the control calcarenite showed spa-
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ritic calcite crystals which constitute the carbonate cement in
this limestone (Fig. 5a). Bacterial cells fully enclosed by cal-
cium carbonate can be observed in samples treated with inoc-
ulated M-3 medium (Fig. 5b). Underlying these bodies is a
porous network of acicular vaterite crystals that cements cal-
carenite grains without blocking or filling the pores. These
crystals are observed down to nearly 1 mm in the porous
system of the stone. Samples in inoculated M-3P medium de-
veloped a coarse sparitic cement composed of calcite rombo-
hedra. This cement fully covered the pore walls down to a
depth of 0.5 mm (Fig. 5¢). When grown on large preexisting
calcite crystals, the newly formed calcite rombohedra show a
preferred crystallographic orientation (Fig. 5d). Holes (diam-
eter, circa 2 pm) can be observed in the newly formed calcitic
cement blanket. These holes appear to be the casts of former
bacteria. Control samples displayed no newly formed carbon-
ates because of the absence of M. xanthus inoculation.

(ii) Large samples cultured under stationary conditions. As
in the previous case, no carbonate precipitation took place in
the controls when large samples were cultured under station-
ary conditions. After 5 days of immersion in the inoculated
M-3 medium, abundant calcified bacteria cells developed in
association with a network of newly formed fibrous carbonate
aggregates (i.e., vaterite crystals). The latter linked the calcar-
enite grains without blocking the pores in the stone. This is
similar to what was observed in Fig. 5b. Calcified bacterial cells
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FIG. 4. XRD patterns of calcarenite slabs subjected to bacterially
induced carbonate mineralization tests (abbreviations: Cc, calcite; Vat,
vaterite) (a) and solid residua formed in uninoculated culture media
(both M-3 and M-3P) (b). Arrows indicate hydroxylapatite diffraction
peaks. Goniometer calibration was performed using a silicon standard.
Bragg peak identification was performed using JPDF files. Cu Ka
radiation, A = 1.5406 A.
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FIG. 5. SEM photomicrographs of small samples cultured under shaking conditions. (a) Representative image of control calcarenite. Sparitic
calcite (cc) crystals are indicated by arrows (note that microtextural features of sterilized calcarenite controls and of controls immersed in
uninoculated M-3 or M-3P media are identical). (b) Stone sample subjected to biomineralization in the M-3 medium, showing calcified bacterial
cells (cbc) and needle-like vaterite (vt) crystals (inset shows a magnified view of the upper-right corner). (c) Newly formed calcite rhombohedra
(cc’) on calcarenite cultured in the M-3P medium (bacterial casts [bc] are also indicated). (d) Newly formed calcite crystals developing epitaxially
(cc’e) on preexisting calcite crystals and showing preferred crystallographic orientation (bacterial casts are also indicated).

fully covered the walls of the pores after 30 days of culturing in
the M-3 medium (Fig. 6a). The formation of calcite casts of
bacterial cells linked by needle-shaped vaterite crystals was
observed after 5 days of incubation time in the M-3P medium
(Fig. 6b). These crystals cemented the calcarenite as in Fig. 5b.
However, a film with numerous drying cracks, which confirm
its organic nature, deposited on the walls of the pores (Fig. 6¢).
Nonetheless, no pore blocking occurred, even after an incuba-
tion time of 30 days. At this time, SEM observations showed
significant amounts of calcified bacterial cells and newly
formed vaterite fibers which cemented the calcarenite carbon-
ate grains (Fig. 6d).

No contamination was observed in the controls regardless of
the stone slab size. Viability tests demonstrated the growth of

M. xanthus following inoculation onto CT solid medium at the
end of the experiments. M. xanthus growth occurred regardless
of the medium type and the size of the cultured stone samples.
The development of either myxospores or fruiting bodies was
not observed either in the inoculated cultured media or on the
cultured stone slabs.

(iii) Large samples submitted to sonication. Sonication in-
duced significant damage in the controls. Fissuring and spalling
of calcite grains along the rombohedral {104} cleavage planes
was systematic (Fig. 7a) and evidenced the dramatic effect of
the test. However, samples subjected to bacterially induced
mineralization showed much less damage, and the newly
formed carbonate grains were not removed in detectable
amounts. The organic film in samples cultivated in the M-3P
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FIG. 6. SEM photomicrographs of large samples cultured under nonshaking conditions. (a) Calcified bacterial cells (cbc) covering the pore
walls of samples cultivated in the M-3 medium (after 30 days). (b) Detail of calcified bacteria linked by needle-like vaterite (vt) crystals in samples
cultured in the M-3P medium (after 10 days). (c) Sample cultured in the M-3P medium (after 30 days) showing incipient development of an EPS
film (the arrow indicates cracks in the film; note that no pore plugging occurred). (d) Massive needle-like vaterite crystals blanketing stone pores
following 30 days of culture in the M-3P medium. Calcified bacterial cells are also observed covering the pore walls.

medium was almost entirely removed. However, the calcified
bacterial cells and vaterite needles remained intact (Fig. 7b).
Sonication uncovered sparitic calcite cement (Fig. 7c) as a
result of film removal from samples cultivated in M-3P me-
dium. The film appeared to have covered the newly formed
rombohedral calcite crystals, thus preventing their observation.
The sparitic calcite rombohedra were identical to those formed
on small samples subjected to biomineralization in test tubes
under shaking conditions (Fig. 5c and d). Figure 7d shows an
SEM photomicrograph in which the partially removed film still
covers some of the newly formed sparitic cement. Carbonated
bacterial cells in samples cultivated in the M-3 medium and
subjected to sonication were also preserved. As in the former
case, almost no film survived the sonication process. Selective
removal of the organic film, which developed primarily after
the 10th day of a biomineralization experiment, demonstrates
its poor adhesion to the substrate. SEM observations of sam-
ples submitted to sonication are consistent with the smaller
weight losses found in the samples subjected to bacterially
induced mineralization compared with the sonicated controls
(Fig. 8). Samples subjected to biomineralization in the M-3P
medium showed minimum weight losses, values very close to
those of controls immersed in deionized water but not soni-

cated. Samples cultured in the M-3 medium showed weight
loss values between those of sonicated controls and those in-
cubated in M-3P medium. SEM observations and weight loss
measurements of sonicated samples demonstrate the strong
adhesion between the stone and the newly formed carbonates,
as well as the positive consolidating and/or protecting effect of
the biomineralization (maximum in the case of M-3P medium).
They also demonstrate that the newly formed carbonates are
more resistant to physical-mechanical stresses than the calcite
in the stone. In the newly formed calcite crystals, sonication
produced no cracking along the {104} rombohedral cleavage
planes, while in the crystals of the calcarenite it did. Figure 8
also shows evidence of a weight loss reduction (if compared
with controls) in biomineralized samples immersed in water
but not submitted to sonication.

Porosimetry analysis. MIP results showed no significant
changes in porosity or pore size distribution when comparing
treated and untreated (control) samples (Fig. 9). Apparently
this technique is not accurate enough to detect the slight po-
rosity reductions induced by vaterite and/or calcite (and the
eventual film) growth on the pore walls of treated samples. On
the other hand, it is difficult to determine whether the detected
porosity variations were due to newly formed carbonates or to
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FIG. 7. SEM photomicrographs of samples subjected to sonication. (a) Control (i.e., calcarenite slab not submitted to biomineralization but
sonicated) showing spalling and fissuring of calcite crystals along rhombohedral {104} cleavage planes (ccyyo4;). (b) Calcified bacteria (cbc)
blanketing stone samples cultured in the M-3P medium. (c) Newly formed calcite (cc’) rombohedra blanketing the calcarenite. (d) Detail of a
calcarenite showing a partially removed EPS film (EPS) which covered the newly formed calcite cement (cc').

intrinsic changes in porosity. In fact, open porosity (accessible
to Hg) in the raw material ranged from 24 to 32%, while
treated stones had porosity values between 24% and 26%.

DISCUSSION

Calcium carbonate precipitation. Calcite (and vaterite) pre-
cipitation in solution occurs via the following overall equilib-
rium reaction (87):

Ca’* + CO* & CaCo, | (1)

The thermodynamic solubility product of calcite is 3.31 X
10~ M? while that of vaterite is 1.22 X 10~% M? (45). The
higher solubility of vaterite (1 order of magnitude higher than
that of calcite) accounts for its lower stability (54). Carbonate

ions are produced in water by the following equilibrium reac-
tions, which are strongly pH dependent (87):

HCO,” & CO,> + H* )

HCO,  + OH & CO;™ + H,0 3)

It follows from these reactions that an increase in CO5>~
concentration occurs under alkaline conditions, thereby favor-
ing calcite precipitation. This is particularly relevant when
studying bacterially induced carbonate precipitation, as will be
discussed below.

In our study abiogenic precipitation of calcium carbonate
(i.e., with no direct or indirect involvement of bacteria) has
been ruled out, since no carbonate crystallized in the controls.
All of our observations suggest that carbonate precipitation
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FIG. 8. Calcarenite slab weight loss (AWt) versus sonication time.
One set of biomineralized samples (cultured in inoculated M-3 or
M-3P media for 30 days) was sonicated, and the other was not (i.e., was
only immersed in deionized water). Two control sets were tested (i.e.,
calcarenite slabs not subjected to biomineralization): calcarenite slabs
(i) not sonicated (control nonsonicated) and (ii) sonicated (control
sonicated). Error bars, standard deviations.

occurred in association with bacterial activity. Microbially in-
duced CaCOj; precipitation is a far more complex process than
abiogenic precipitation (85). In fact, different mechanisms ac-
counting for carbonate formation induced by bacteria have
been reported (31). Aerobic heterotrophic bacteria like M.
xanthus may play both a direct and an indirect role in carbon-
ate precipitation. Because of their high surface area-to-volume
ratio, production of chemically active polymers, surface prop-
erties, and reliance on diffusion, bacteria acting as a highly
reactive geochemical interface (52, 81) play a direct role in
carbonate precipitation. Biofilms formed by bacteria and their
extracellular polymeric substances (EPS) (25), are particularly
effective at binding ions from solution and act as heteroge-
neous nucleation surfaces for mineral deposition (11, 12, 15,
17, 22, 34, 47, 60, 81). It has been demonstrated that calcium
carbonate precipitates on M. xanthus cellular membranes (39).
Défarge et al. (26) also demonstrated that microscopic three-
dimensional organic networks inherited from sheaths of dead
cyanobacteria and from other EPS of microbes acted as a
matrix for calcification. They reported that crystal nucleation
began at acidic sites which are capable of binding a wide range
of cations. Both gram-positive and gram-negative cell walls
contain a number of surface functional groups such as car-
boxyl, hydroxyl, and phosphate sites. These groups deproto-
nate and become increasingly negative at alkaline pH, thereby
displaying a strong electrostatic affinity for aqueous metal cat-
ions (10, 33). Ca** is not likely to be used in large quantities by
intracellular microbial metabolic processes, and therefore, it
accumulates outside the cell where it is preferentially adsorbed
(82). Plette et al. (66) demonstrated substantive Ca*>* binding
to carboxylic and phosphatic sites of isolated Rhodococcus
erythropolis cell walls. Once attached to cell walls, Ca** can
bond to carbonate ions, thus resulting in the formation of
CaCOs;. On the other hand, various bacterial metabolic activ-
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ities, such as carbon dioxide fixation, nitrate reduction or oxi-
dative deamination of amino acids, may indirectly induce cal-
cium carbonate precipitation. This is brought about by locally
changing the physical-chemical parameters (e.g., increases in
pH and ionic strength) in the environment in which bacteria
live (5, 18, 20, 40, 83, 85). In this manner precipitation of
carbonates occurs even if the overall system is undersaturated
with respect to these phases (64), since supersaturation is
reached locally in the surrounding of the bacterial cells. Simple
solution chemistry cannot apply in this microenvironment be-
cause there is a fluid-solid interface in which thermodynamic
activation energies are drastically reduced and chemical reac-
tions resulting in carbonate precipitation become possible (89).

M. xanthus metabolic activity involves production of NH; by
means of oxidative deamination of amino acids. NH; creates
an alkaline microenvironment around the cell according to the
following reaction (43):

NH,,,, + H,O & NH," + OH~ (4)

Reaction 4 is consistent with the pH rise we observed from
an initial value of 8 to final values of 8.5 to 8.7 (Fig. 3).

Metabolic activity and the resulting local pH rise may lead to
a high local supersaturation with respect to either vaterite or
calcite (see reactions 1 to 3). CO, is also produced by the
bacteria. CO, dissolves and transforms into either HCO;™ or
CO,*~ at higher pH. In our experiments additional carbonate
ions were supplied by K,CO, present in the culture media.
Once sufficient supersaturation is achieved, calcium carbonate
formation by heterogeneous nucleation occurs on the bacterial
cell walls, as can be observed in the SEM photomicrographs
showing bacterial casts within rombohedral calcite crystals.
Carbonate precipitation leads to a reduction in pH, a fact
consistent with the data shown in Fig. 2 and 3. In fact, the pH
drop takes place when the rate of calcium carbonate precipi-
tation (i.e., weight gain) is close to its maximum. The incorpo-
ration of Ca?* and CO5*~ in the newly formed carbonates
brings about the pH reduction (87). Since the bacteria are
attached to the carbonate grains of the stone, the growth of the
newly formed carbonate creates a cement that adheres strongly
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FIG. 9. Representative MIP plots showing both the cumulative in-
trusion curves (i.e., porosity) and pore size distribution curves [i.e., log
of differential intrusion, or log(dv/dr), versus r, where v is the intruded
volume and r is the pore radius] for fresh (solid line) and biomineral-
ized (dotted line) stone samples.
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to the substratum, as demonstrated by the sonication tests.
This new cement commonly grows epitaxially on previous cal-
cite crystals, thus matching their crystallographic orientation
(13). The latter is consistent with our observations of preferred
crystallographic orientation of newly formed calcite rombohe-
dra which develop on large sparitic calcite crystals (Fig. 5d).
On the other hand, heterogeneous nucleation also took place
on the stone surface, not in contact with, but in the proximity
of bacterial cells. The needle-like vaterite crystals which ap-
pear in Fig. 5b are evidence of this.

Vaterite is a metastable polymorph of CaCO5 with a hexag-
onal structure (P6;/mmc space group) and is rare in natural
environments (54). It is unstable and rapidly transforms into
calcite (or aragonite) at room temperature in an aqueous So-
lution (84). However, it commonly forms in synthetic processes
and has often been reported to develop in the presence of
microorganisms in nature (37). The presence of microbial films
and the apparent affinity of the bacterial cell walls for vaterite
appear to cause vaterite precipitation in a manner similar to
that described by Mann et al. (55). These authors induced
vaterite formation on a stearic acid monolayer, which appeared
to mimic a cell membrane. In this case the vaterite was formed
through electrostatic and stereochemical interactions at the
inorganic-organic interface. Dalas et al. (24) also induced va-
terite precipitation on polymeric structures that have a large
amount of carboxylate groups. In our study a similar mecha-
nism seems to be at work, since vaterite was detected sur-
rounding calcified bacterial cells and also in areas in which EPS
films were found to cover the carbonate grains. One comple-
mentary explanation for vaterite development in the presence
of M. xanthus is suggested by Ostwald’s step rule (43). Accord-
ing to this rule, stable phase formation is sometimes preceded
by the formation of metastable phases which are normally
favored under nonequilibrium conditions (i.e., high supersat-
uration). Vaterite could therefore be a precursor of calcite. It
forms in both M-3P and M-3 culture media in localized areas
in which there is a relatively high supersaturation due to a
rapid rise in pH. The latter increase could be a consequence of
local intense metabolic bacterial activity. Local increases in
metabolic activity are consistent with the localized vaterite
formation at high supersaturation in the M-3P medium and
also with the idiomorphic rombohedral calcite crystals formed
nearby at a lower supersaturation. A high supersaturation
seems to be a prerequisite for vaterite formation in the labo-
ratory (84). This is consistent with our observation of vaterite
habit, size, and crystal density. The large number of tiny acic-
ular vaterite crystals is in agreement with their formation un-
der highly supersaturated conditions, while large, well-formed
rombohedral calcite crystals are formed at relatively low su-
persaturation. Mullin (62) previously described the details of
supersaturation influence on nucleation density, crystal size,
and crystal morphology.

As already indicated, differences existed in the type of cal-
cium carbonate polymorph formed in the two tested culture
media and in the crystal yield. The only compositional differ-
ence between M-3 and M-3P media is the phosphate buffer
present in the latter. The phosphate buffer seems to have a
profound effect both on the bacterial cell yield and on the
carbonate productivity as well as on the supersaturation pre-
ceding the nucleation of carbonate crystals. Phosphorous is
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essential for bacterial development. Phosphate was added to
the medium for growing the inoculum and could be present in
small but sufficient quantities to ensure bacterial growth in M-3
medium over the first 5 to 10 days of the tests. Little bacterial
activity occurred in M-3 medium after this initial period, and
the carbonate precipitation resulted in limited weight increases
(Fig. 2). This was most likely due to phosphorous depletion.
Conversely, phosphorous was more readily available in the
M-3P medium, thus ensuring greater and longer-lasting bacte-
rial activity. This is consistent with the greater and continuous
weight increase over the 30-day duration of the test. A greater
bacterial production also led to a higher yield in carbonate
crystals. On the other hand, the buffering effect of the phos-
phate prevented rapid local pH variations and departures from
equilibrium, at least during the initial days of the test (Fig. 3).
Low supersaturation values therefore led to a low nucleation
density (62) and the formation of calcite crystals that display
equilibrium morphologies, like euhedral rombohedra. The un-
constrained pH variations in the M-3 medium could, however,
cause rapid increases in CO5>~ concentration, thus resulting in
high supersaturation and massive vaterite formation, followed
by a significant reduction in pH (Fig. 3). It has been reported
that ammonia released by bacteria causes continuous increases
in pH. This in turn increases the rate of carbonate precipita-
tion. There is, however, a pH threshold above which a reduc-
tion in the microbial count can be observed (38; A. Kantzas,
G. F. Ferris, K. N. Jha, and F. M. Mourits, unpublished data
presented at the CIM Annual Technical Conference, 1992).
Thus, an optimal pH (around 8.5) exists which leads to maxi-
mum bacterially induced carbonatogenesis. The phosphate
buffer in the M-3P medium seems to have prevented any sub-
stantial departure from the optimal pH during a longer period
of time.

Consolidating and/or protecting role of bacterially induced
carbonate crystals. The deposition of calcite and vaterite crys-
tals strongly adhered to pore surfaces ensures a protective
and/or consolidating effect following M. xanthus induced car-
bonate precipitation. The newly formed carbonates were more
resistant to mechanical stress (i.e., sonication) than the calcite
crystals in the stone. Newly formed carbonates may incorpo-
rate a certain amount of organic molecules produced by bac-
teria. Organic molecules may harden calcite, as occurs in echi-
noderms or bivalves (1). Calcite crystals in echinoderms are
tougher, do not crack along rombohedral {104} cleavage
planes, and show a conchoidal fracture which is typical of hard
glasses or metals. Strengthening is due to the incorporation of
organics which form a composite material (1, 96). This type of
hardening is consistent with observations of bacterially pro-
duced calcite rombohedra which show no homogeneous ex-
tinction (90). Apparently, the presence of organic molecules
causes a misalignment of different domains within a single
crystal. Further research should be undertaken to directly ob-
serve these crystallographic features in calcite formed by bac-
terial processes (i.e., by using transmission electron microsco-
py). In addition, bacterially induced calcite crystals are
assumed to be more resistant to dissolution (i.e., acid attack),
since it has been experimentally demonstrated that biominer-
alized calcite is less soluble than inorganically precipitated
calcite (61). The results shown in Fig. 8 also indicate slight
weight loss reduction in biomineralized samples immersed in
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water but not sonicated when compared to the controls. This is
crucial if stones are to be protected in polluted environments.
On the other hand, the newly formed carbonates strongly ad-
here to the substrate, leading to significant reduction in stone
weight loss following sonication. Samples cultured in the M-3P
medium display the lowest weight loss upon sonication, a result
which can be accounted for by the epitaxial nature of most of
the newly formed calcite cement. The above-mentioned con-
solidating and/or protecting effects are indeed significant, be-
cause bacteria induce carbonate cementation to a depth of
several hundred micrometers (=500 pm). Most importantly,
no plugging or blocking of pores takes place during this ce-
mentation. No accurate data currently exist regarding the
depth of penetration of bacterially induced carbonatogenesis.
Castanier et al. (21) reported that the bioconsolidating cement
was a few micrometers thick but did not specify the depth of
the effect.

Plugging of stone pores has been one of the main drawbacks
to using bacterially induced carbonatogenesis as a new conser-
vation alternative (90). Plugging is mainly a consequence of
EPS film formation (79, 90). This film has sometimes been
misinterpreted as a newly formed carbonate deposit (51). We
found that limited EPS film formation occurred on stones in
M-3P medium and that only small quantities occurred in M-3
medium in stationary cultures. It should be noted that organic
films are unable to attach to the stones under shaking condi-
tions. At any rate, this limited film development causes no pore
plugging.

Damage to stone has been related to bacterial biofilms (91).
It has been suggested that biofilms are optimal media for
further bacteria colonization because they retain humidity and
provide a number of nutrients (94). Most of the bacteria com-
monly associated with biofilms that develop on stone surfaces
are heterotrophic (80), although chemolithotrophic bacteria
have been described in a number of cases (86). The role of
heterotrophic bacteria in stone decay is, however, considered
limited by some authors (27), particularly when compared with
chemolithotrophic bacteria (86). Biofilms have also been sug-
gested to play a role in carbonate precipitation because they
adsorb ions and provide nucleation sites (17, 25, 52). Reitner et
al. (71) even concluded that carbonates were associated not
with bacterial calcification in microbialites but rather with EPS
calcification. However, in our experiments we observed car-
bonate precipitation in the absence of organic films under
shaking conditions. Yet, sonication tests did result in the se-
lective removal of EPS films, which points to their poor adhe-
sion to the substrate and to the absence of any calcification in
them.

Concluding remarks on bacterially induced consolidation
and/or protection of stone. We have demonstrated that M.
xanthus is able to produce a coherent carbonate cement. An
important advantage to the use of this bacterium is that it does
not complete its life cycle in the tested culture media. No
dormant stage, i.e., myxospore formation, was observed in the
tested culture media. Although at the end of the experiment
viability tests demonstrated that M. xanthus was still alive in the
liquid culture media, the drying of the stone sample led to
bacterial death (i.e., no fruiting bodies were observed). Vege-
tative cell death can prevent eventual uncontrolled bacterial
growth. By contrast, Bacillus subtilis and B. pasteurii caused
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biofilm formation and plugging of pores in biomineralization
tests (90). The fact that M. xanthus dies can be used to the
conservator’s advantage in the protection and consolidation of
stone artworks. Weight gain results suggest that most carbon-
ate precipitation occurs in the first 5 to 10 days, which will be
particularly relevant for real-case conservation interventions
(e.g., logistic and economic implications). There was no signif-
icant weight gain in M-3 medium after 5 to 10 days, which
suggests that in situ bacterial mineralization treatments of ar-
chitectural or sculptural stone need not last longer than 5 to 10
days. Although in M-3P medium there was some weight gain as
late as 20 to 30 days, the most significant carbonate production
occurred over the first 5 to 10 days. In order to stop the
biomineralization process, the supply of culture media should
be discontinued, thus constraining the negative effects of or-
ganic film growth.

It has thus been demonstrated that culture medium compo-
sition, culture conditions, and type of bacteria are key factors
for controlling EPS film formation and for the enhancement of
the consolidation and protection effects of the newly formed
carbonate cement.

Concerning the possible interaction between autochthonous
microbiota and a bacterium used for biomineralization, Le
Métayer-Levrel et al. (51) found that, after bacterially induced
carbonatogenesis in ornamental stone, no increases in the bac-
terial activity or changes in the autochthonous microbiota were
observed, nor was an increase in autochthonous bacterial ac-
tivity observed immediately after treatment or 4 years later.
Furthermore, Urzi et al. (92) demonstrated that the most com-
mon bacteria isolated in building stones (e.g., Geodermatophi-
lus sp. and Microccocus sp.) induce carbonate precipitation
under laboratory conditions. They could, therefore, act syner-
gistically in the biomineralization process when nutrients are
added upon a bacterial treatment. Future research should ex-
plore whether addition of the inoculated culture media tested
actually contributes synergistically to the protection and con-
solidation of ornamental stone.

Our study demonstrates that biomineralization induced by
bacterial activity results in significant protection and consoli-
dation of porous carbonate stones used in sculptural and ar-
chitectural heritage. However, much research has yet to be
conducted in order to properly exploit this new conservation
methodology. Future work should be done using other culture
media and M. xanthus mutants that could improve consolida-
tion. Other stone supports, including noncarbonate stones like
granites or sandstones, should also be studied. We have per-
formed preliminary tests demonstrating the ability of M. xan-
thus to develop on silicate supports, such as silica glass or
ceramics, where it also induces carbonate precipitation—re-
sults which further the possibilities of using this biomineraliza-
tion treatment on silicate rocks. Finally, in situ small-scale
testing of bacterial biomineralization in ornamental calcareous
stones should be performed before larger-scale applications
are undertaken in buildings and sculptures.
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